Finite-size and pressure effects in YBa2Cu408 probed by magnetic field penetration 

depth measurements 
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We explore the combined pressure and finite-size effects on the in-plane penetration depth \ab in 
YBa2Cu408. Even though this cuprate is stoichiometric the finite-size scaling analysis of l/A^j, (T) 
uncovers the granular nature and reveals domains with nanoscale size Lc along the c-axis. Lc ranges 
from 33.2 A to 28.9 A at pressures from 0.5 to 11.5 kbar. These observations raise serious doubts on 
the existence of a phase coherent macroscopic superconducting state in cuprate superconductors. 
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I. INTRODUCTION 

Since the discovery of superconductivity in cuprates 
by Bednorz and Miillesi a tremendous amount of work 
has been devoted to their characterization. Indeed, the 
issue of inhomogeneities and their characterization is es- 
sential for applications and the interpretation of exper- 
imental data. Furthermore, there is even increasing ev- 
idence that inhomogeneities are an intrinsic property of 



cuprates 



2.3.4.5.6.7.8 



Studies of different cuprate families 



revealed the segregation of the material in supercon- 
ducting and non-superconducting regions. In particu- 
lar, neutron scattering experiments provide evidence for 
nanoscale cluster formation and percolative superconduc- 
tivity in various cuprates Electron paramagnetic reso- 
nance (EPR) studies reveal nanoscale phase separation in 
superconducting and dielectric regions of YBa2Cu307_5 
with 0.15 < 5 < 0.5i^ Nanoscale spatial variations in 
the electronic characteristics have also been observed in 
undcrdopcd Bi2Sr2CaCu208+5 with scanning tunnelling 
microscopy (STM);^iSiL^ while x-ray diffraction in oxy- 
gen doped La2Cu04 single crystalaSi provide evidence 
for superconducting domains with spatial extent Lab ~ 
300 A in the a6-plane. Accordingly, there is considerable 
evidence for granular superconductivity in the cuprates. 
Although crystals of the cuprates are not granular in a 
structural sense, it occurs when microscopic supercon- 
ducting domains are separated by non-superconducting 
regions through which they communicate for instance by 
Josephson tunnelling to establish the macroscopic super- 
conducting state. 

On the other hand, there is evidence for nearly iso- 
lated, homogeneous and superconducting domains of 
nanoscale extent embedded in a non-superconducting 
matrixiiSiiiiiSii^ It stems from a finite-size scaling analy- 
sis of the thermal fluctuation contributions to the specific 
heafeiS and magnetic penetration depth dataiiitiSii^ In 
an isolated domain there is a finite-size effect because 
the correlation length cannot grow beyond the length 
of the superconducting domain in direction i. Accord- 
ingly there is no sharp phase transition and the specific 
heat coefficient will exhibit a blurred peak with a maxi- 



mum at Tp < Tc, where Tc is the transition temperature 
of the homogeneous bulk system. At Tp the correlation 
length ^ (T) reaches the limiting length L of the domain. 
Similarly, 1/A^, where A is the magnetic field penetra- 
tion depth, does not vanish at Tc, but exhibits a tail 
with an inflection point at Tp. This raises serious doubts 
on the existence of macroscopic phase coherent super- 
conductivity, suggesting that bulk superconductivity is 
achieved by a percolative process. Therefore, supercon- 
ducting properties and the spatial extent of the domains 
can be probed by thermal fluctuations and the finite-size 
effects. This includes the effects of oxygen isotope ex- 
change and pressure on the domain size. Recently a sig- 
nificant change of spatial extent of the superconducting 
domains upon oxygen isotope exchange has been demon- 
strated in Yi_a;Pr2;Ba2Cu307_5iii It revealed the rele- 
vance of local lattice distortions in occurrence of super- 
conductivity. 



This paper addresses the pressure studies of the finite- 
size effect in YBa2Cu408, which exhibits a rather large 
and positive pressure effect (PE) on Tc, with dTc/dp = 
0.59 K/kbariMiiS4i& Even though this cuprate is stoichio- 
metric the finite-size scaling analysis uncovers the exis- 
tence of nanoscale domains with a spatial extent Lc along 
the crystallographic c-axis. The value of Lc decreases 
from 33.2 to 28.9 A with increasing pressure from 0.5 to 
11.5 kbar. Accordingly, Tc increases with reduced thick- 
ness Lc of the domains. 



The paper is organized as follows. In Sec.|n]we sketch 
the finite-size scaling theory adapted for the analysis of 
penetration depth data. In Sec. IIIII we describe sample 
preparation procedure and the experimental technique, 
adopted to deduce the in-plane magnetic field penetra- 
tion depth \ab from the Meissner fraction measurements. 
In Sec. II VI we perform the finite-size analysis of the data 
for the in-plane magnetic penetration depth Aat (T) taken 
at different pressures. Sec. |3 comprises the analysis of 
the pressure dependence of the domain lengths Lc along 
the crystallographic c-axis. 
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II. THEORETICAL BACKGROUND 

111 a homogeneous bulk system, undergoing a fluctu- 
ation dominated continuous phase transition at Tc, the 
correlation length diverges asii 



aT)^Ct\T/Tc-l\ 



(1) 



(± refers to T > Tc and T < Tc, respectively, is 
the critical amplitude and i> is the associated critical ex- 
ponent). There is mounting evidence that in the experi- 
mentally accessible critical regime cuprates belong to the 
3D-XY universality class (like superfluid He*) with v w 
2/3m^ Since the order parameter ^ is a complex scalar it 
corresponds to a vector with two components. For this 
reason below Tc there are two correlation lengths. The 
longitudinal one, is associated with the correlation 
function (i?e5' (i?) Re'^ (0))-(i?e5' (0))^ while the trans- 
verse one, measures the decay of {Im'^ (R) Im'^ (0)). 
In the long wavelength limit considered here, the total 
correlation function is dominated by transverse fluctu- 
ations so that ^* is the relevant length scalei^S^ Sup- 
pose that the cuprates are granular, consisting of super- 
conducting domains embedded in a non-superconducting 
matrix. Denoting the spatial extent of the domains along 
the crystallographic a, b and c -axis with La, Lb and Lc, 
the transverse correlation lengths ^* cannot diverge ac- 
cording to Eq. ^ but are limited by 



< L 



(2) 



Consequently, for finite superconducting domains, the 
thermodynamic quantities, like the specific heat and pen- 
etration depth, are smooth functions of temperature. As 
a remnant of the singularity at Tc these quantities exhibit 
a so called finite-size effectf^SiSi namely a maximum or 
an inflection point at Tp. 



(3) 



Close to criticality of the infinite system, the thermo- 
dynamic properties of its finite counterpart are well de- 
scribed by the finite-size scaling theoryiSLSi In particu- 
lar, the thermodynamic observable Q adopts the scaling 
formS^ 



Q{t,L) 



Q {t,L = oo) 



fix), x = 



i{t,L. 



(4) 



The scaling function / depends only on the dimensionless 
ratio L/^ (t, L = oo) and does not depend on microscopic 
details of the system. It does, however, depend on the 
boundary conditions and the geometry of the system. As 
an example, for Q{t, L) = we obtain from Eqs. Q 
and (0J the finite-size scaling relation 



\2u 



tl^L, 



(5) 



To relate this combination of transverse correlation 
lengths to an experimentally accessible quantity we in- 
voke the universal relationiSiSi 



1 



_ leTT^ksT 



(6) 



which holds in the 3D-XY universality class ($o is the 
flux quantum, fc^ is the Boltzmann's constant and is 
the London penetration depth). In this case the Eq. Q 
reduces to 



(7) 



where y is equal to 
y = sign (t) |t| 



Lk 



sign (t) 



For the homogenous system {Lk oo) and t ^ 
(jj ^ 0), g{y) corresponds to the stepwise function 



5oo (y < 0) = 1, goo (?; > 0) = 0. 



(8) 



While for the system confined by the finite geometry 
{Lk 7^ 0) the scaling function g{y) diverges at t — > 
{y 0) as 



g{y ^0)= g^f^y- 



gok 



t 



''Pk 



(9) 



In order to obtain the absolute values of the inflection 
temperature Tp. and the superconducting domain size Li 
one can use the following procedure. Combining Eqs. (O 
and one obtains at the inflection point 



1 



UT)X,{T) 



IGn^ksTp^ 1 



Lk 



(10) 



For an infinite and homogeneous system 
1/ {Xi {T) Xj {T)) decreases continuously with in- 
creasing temperature and vanishes at Tc, while for finite 
domains it does not vanish and exhibits an inflection 
point at Tpj. < Tc, so that 



1 



X:{T)X,iT) 



/dT 



= extremum 



(11) 



Note, that in this paper we analyze experimental data for 
the temperature dependence of the in-plane penetration 
depth Xab taken at various applied pressures. In this 
case the domain size along c-axis {Lc) can be estimated 
according to Eq. (|10|l as 



Lc = 



167r3 fcsTp^ (Aa (T) Af, (T)) 



(12) 
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that for \a — Xb reduces to 



(0.5 mT FC) magnetization data using the relation 



25 



(13) 



To summarize, the main signatures for the existence of 
finite-size behavior appearing in the temperature depen- 
dence of A^j are: 

(i) The scahng function g{y) diverges at T = Tc (t = 0, 
y = 0)[Eq. ®]. 

(h) A"2(T) has an inflection point at Tp < [Eq. lfTUIl ]. 

(iii) The first derivative of \^'^{T) at T ^ Tp has an 
extremum [Ea. l(TT|) ]. 



III. EXPERIMENTAL DETAILS 
A. Sample preparation and characterization 

The polycrystalline YBa2Cu408 samples were synthe- 
sized by solid-state reactions using high-purity Y2O3, 
BaCOa and CuO. The samples were calcinated at 880 — 
935 °C in air for 110 hours with several intermedi- 
ate grindings. The phase-purity of the material was 
examined using a powder x-ray diffractometer. Only 
YBa2Cu307_2; and CuO phases were revealed. The syn- 
thesis was continued at high oxygen pressure of 500 bar, 
at 1000 °C during 30 hours. The x-ray diffraction mea- 
surements performed after the final stage of the synthe- 
sis revealed 95 % of YBa2Cu408 phase. The sample was 
then regrounded in a mortar for about 60 min in order to 
obtain sufficiently small grains, as required for the deter- 
mination of A from Meissner fraction measurements. The 
field-cooled (FC) magnetization (M) measurements were 
performed with a Quantum Design SQUID magnetome- 
ter in a field of 0.5 mT for temperatures ranging from 5 K 
to 100 K. The absence of weak links between grains has 
been confirmed by the linear magnetic field dependence 
of the FC magnetization, measured at 0.5 mT, 1 mT and 
1.5 mT for each pressure at T = 10 K. 

The hydrostatic pressure was generated in a copper- 
beryllium piston cylinder clamp that was especially de- 
signed for magnetization under pressure measurements 
(see Ref. HJ). The sample was mounted in a led con- 
tainer filled with Fluorient FC77 as a pressure transmit- 
ting medium with a sample to liquid volume ratio ap- 
proximately 1/8. The pressure was measured in situ at 
7 K by using the Tc shift of the led container. 



Determination of the temperature dependence 
of A from Meissner fraction measurements 



The temperature dependence of A ^ was extracted 
from the Meissner fraction / deduced from low-field 



fiT) 



\M{T) 



N 



(14) 



where H denotes the external magnetic field and N is the 
demagnetization factor. = 1/3 was taken assuming 
that the sample grains are spherical. Fig. ^ shows the 
temperature dependence of the Meissner fraction close 
to Tj, for different pressures. Three important features 
emerge: (i) The transition temperature increases with 
increasing pressure. The value of dTc/dp = 0.59 K/kbar 
is found, which is in good agreement with the literature 
datap24J^ii& (ii) The value of / (Fig. [U is much smaller 
than 1 , confirming that the average grain size of the sam- 
ple is compatible with A. The reduction of / is caused 
by the field penetration at the surface of each individual 
grain for distances of the order of Ai^ (iii) The absolute 
value of the Meissner fraction increases with pressure. 
Since the average grain size docs not change under pres- 
sure and the grains are decoupled from each other, the 
rise of / must be attributed to a decrease of the magnetic 
penetration depth A. 
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FIG. 1: The temperature dependence of the Meissner frac- 
tion / obtained from low-filed (0.5 mT, FC ) magnetization 
measurements for various pressures. 

The temperature dependence of A was analyzed on the 
basis of model suggested by Shoenbergi2i According to 
Ref. [231 the temperature dependence of the Meissner 
fraction is given by 



fiT) 



(15) 



where 2R is the average grain diameter. By solving this 
nonlinear equation, A for each value of / was extracted, 
and with that the whole temperature dependencies of 
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A was reconstructed. Since the sample consists of an 
anisotropic non-oriented powder, the extracted A is the 
so caUed effective penetration depth Ae// (powder aver- 
age). However, for sufficiently anisotropic extreme type 
II superconductors, including YBa2Cu408, Ag// is pro- 
portional to the in-plane penetration depth in terms of 
Ae// = 1.31Aah^ The resulting temperature dependen- 
cies of evaluated at different pressures are depicted 
in Fig. 121 Due to the unknown average grain size the 
data in Fig. |21arc normalized to the taken from 

/iSR measurements The solid lines indicate the leading 
critical behavior of \^^{T) for homogenous and infinite 
domains 

K'iT) = &\ ^-2/3 (16) 

This equation is a consequence of Eqs. ^ and ^ with 
critical amplitude 



IV. THE FINITE-SIZE ANALYSIS 

The essential characteristic of a homogeneous bulk 
cuprate superconductor is a sharp superconductor to nor- 
mal state transition. A glance to the inset of Fig.|21shows 
that in the samples considered here that is not the case. 
The transition occurs smoothly and there is a tail point- 
ing to a finite-size effect associated with an inflection 
point at some characteristic temperature Tp. As outlined 
above [Eq. Q] at Tp the transverse correlation length 
attains the limiting length along the c-axis. To substan- 
tiate the occurrence of an inflection point we show in 
Fig.^dX~^{T)/dT versus T for YBa2Cu408 samples at 
different pressures. The extreme in the flrst derivative of 
A~jf (T) clearly reveals the existence of an inflection point 
at Tp^ < Tc- The absolute values of Tp^ obtained from 
a parabolic flt to experimental data around maximum 
point are summarized in Tabled 



\ — 



(17) 



The values of Xoat and Tc obtained from the fit of Eq. lfTC|) 
to the experimental data presented in Fig. [2| are summa- 
rized in Table Since Eq. (|16|l is valid in the vicinity 
of Tc only, we restricted the fit to the interval from Tc to 
Tc - 3 K. 
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FIG. 2: The temperature dependence of A";,^ for various pres- 
sures obtained from /(T) data (see Fig. Q by using Eq. 1151 . 
The solid lines indicate the leading critical behavior of a ho- 
mogenous bulk system according to Eq. with the param- 
eters listed in TableQ] The inset shows ^^^{T) in the vicinity 
of Tc for p — 0.5 kbar. The deviation of data points from 
theoretical curves clearly indicates the finite-size behavior of 
the system. 
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FIG. 3: dX^^{T)/dT vs. T at different pressures. The maxi- 
mum of dX^f{T)/dT is at a T = Tp^. 

To substantiate the finite-size scenario further, we ex- 
plore the scaling properties of the data with respect to 
the consistency with the finite-size scaling function. Not- 
ing that, Xa — Xb and « 2/3 in the 3D-XY universality 
class, Eq.lO can be rewritten as 



X„^. 



t 

K\ 



(18) 



Figure El^a) shows the resulting scaling function. For 
comparison, we included the limiting behavior of the 
finite-size scaling function goo [see Eq. 0] for a homoge- 
neous {Lc — > oo) system [the solid line in Fig. QIa)]. As 
it is seen, there is quite a good agreement between the 
experimental data and Qoo function for t/tp^ far from 
(T far from Tc), whereas in the vicinity oi {T ^ Tc) 
the data are completely inconsistent with such a step- 
wise behavior. The experimental data have to diverge 
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at t/tp^ 0. As outlined in Sec. divergence of the 
scaling function g{t/\tpj\) at t/tp^ implies that the 
system is confined by a finite geometry. To strengthen 
this point we display in Fig.^b) the comparison with the 
leading finite-size behavior gdt ^ 0) = gac\t/tpj~^^^ , 
as it is follows from Eq. 0. Noting that the ampli- 
tude goc depends on the shape of the domains and on 
the boundary conditionsji^ it is remarkable that the ex- 
perimental data collapses on two branches. Accordingly, 
the shape of the domains and the boundary conditions 
on the interface do not change significantly under ap- 
plied pressure. The straight line in Fig. ^ (b) corre- 
sponds to goc ~ 0.25. This value is compatible with 
go^ ~ 0.5 found for YBa2Cu306.7 oriented powder and 
for Bi2Sr2CaCu208+5 thin films.— Much larger values, 
goc ~ 1-1 — 1-6, have been found for Bi2Sr2CaCu208+5 
single crystalsi^ and for Yi_2;Prj;Ba2Cu307_5 powders 
with 0.0 < X < 0.3ii 
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FIG. 4: Finite size scaling function g [Eq. 1181 1 versus t/ \tp^\ 
(a) and versus \t/tp^ \ in a logarithmic scale (b) for different 
pressures. The solid stepwise line in (a) is the g^a function 
for the homogenous (Lc — > oo) system [see Eq. Q]. The solid 
line in (b) is the leading finite-size behavior goc\t/tp^\~'^^^ at 
t ^ with goc = 0.25 as it follows from Eq. @. 

To summarize, the finite-size scaling analysis of the 
in-plane penetration depth data for YBa2Cu408 is fully 



consistent with a finite-size effect. Indeed we established 
the consistency with all three characteristics of a finite- 
size effect (see Secnj. The finite-size estimates for X^^^^ 
and X~, [Tp^) at different pressures are summarized in 
Tabic m 



V. THE PRESSURE DEPENDENCE OF THE 
DOMAIN SIZE 

Using Eq. (|13|l and the estimates for Tp^ and A^^^^^ {Tp^ ) 
listed in Tabic the domain size Lc along the c-axis 
is readily calculated. In Fig. [31 we display the pressure 
dependence of Lc, Tc{p) and Tp^{p). It is seen that Lc de- 
creases with pressure, whereas Tc{p) and Tp^{p) increase 
almost linearly. On the other hand Tc and Tp^ increase 
with decreasing Lc- This agrees with the behavior found 
in Yi_a;Pra;Ba2Cu307_5, where Tc and Tp^ were found to 
increase with reduced Lci^ Here Tc and Tp^ have been 
reduced by increasing the Pr content x. In this context 
it is interesting to note that in granular aluminium Tc 
was found to increase with reduced grain sizc^*' Another 
striking feature is the nanoscale magnitude of Lc, even 
though YBa2Cu408 is stoichiometric. 
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FIG. 5: The pressure dependence of the domain size along the 
c-axis Lc (■), transition temperature Tc (•), and inflection 
temperature Tp^ (o) in YBa2Cu408 . 

To check the consistency of our estimates we plot in 
Fig. El the relative shifts of Tp^ , A^^ {Tp^ ) and Lc versus 
the relative shift of Tc- According to Ea. H10() these shifts 
are not independent but related by 



ALc 



ATp^ AXj (TpJ 



(19) 



The straight lines correspond to the linear fits with 
ALc/Lc = -2.18(26) • ATc/Tc, ATpjTp^ = 0.99(1) • 
ATc/Tc and AA'^ (T^J /A'^ (T^J = 3.34(27) • Ar,/T„ 
revealing that Eq. H19|) is well satisfied. Furthermore, 



6 



TABLE L Finite size estimates for Tp^, \^^{TpJ and tlie resulting relative shifts ATpjTp^and AX'i^ {TpJ /Xl^ {TpJ for 

different pressures. Lp^ and ALp^/Lp^ are deduced from Eg. 11311 . 





T T 

(K) (K) (Mm-2) 




r ATe ATp^ 

(A) (%) (%) 


(%) 


(%) 


0.5 kbar 
3.0 kbar 
8.9 kbar 
11.5 kbar 


80.58(4) 79.85(3) 93.8(1.5) 
82.26(3) 81.45(3) 100.6(1.5) 
85.34(3) 84.55(3) 108.0(1.4) 
86.49(3) 85.65(3) 109.8(1.5) 


3.85(12) 
4.29(11) 
4.60(13) 
4.74(13) 


33.2(9) 

30.5(6) 2.08(6) 2.00(5) 
29.3(8) 5.91(6) 5.89(5) 
28.9(6) 7.33(6) 7.26(5) 


11.3(3.7) 
19.7(4.0) 
23.3(3.8) 


-8.2(3.7) 
-11.7(4.0) 
-12.8(3.7) 



these estimates show that the reduction of Lc with pres- 
sure reflects the fact that the pressure effect on X-f{TpJ 
exceeds the effect on Tc considerably. Having established 
the consistency of our estimates it is essential to recog- 
nize that the occurrence of nanoseale superconducting 
domains is not an artefact of YBa2Cu408 and our sam- 
ples. Indeed the existence of nanoseale domains has been 
established in a variety of cuprates, including films, pow- 
ders and single crystalsii^ 
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AT/T (%) 

c c ^ ' 

FIG. 6: The relative shifts of AX^^{Tp^)/X-^{Tp^) (t); 
AL^/Lc (■), and ATpjTp^ (Q) vs the relative shift of 
ATa/Tc. The solid lines represent the linear fits with 
ALc/Lc = -2.18(26) • ATc/T^, ATpjTp^ = 0.99(1) • AT^/Tc 
and AX-J {Tp^)/X-J (Tp^) = 3.34(27) • AT./T,. 



VI. CONCLUSION 

To summarize, we report the first observation of com- 
bined finite-size and pressure effects on the lengths Lc 



of the superconducting domains along the c-axis and the 
in-plane penetration depth Xat in a cuprate superconduc- 
tor. The evidence for a finite-size behavior of the system 
arises from the tail in X^^ (T) observed in the vicinity of 
Tc- We have shown that the scaling properties of the tail 
are fully consistent with a finite-size effect, arising from 
domains with nanoseale size along the c-axis. Indeed 
the essential characteristics of a finite-size effect, as (i) 
the limiting properties of the scaling function g{t/\tpj), 

(ii) the existence of an infieetion point in X~^{T) and 

(iii) the extremum in dX~^ [T) / dT at Tp^ have been veri- 
fied. Even though YBa2Cu408 is stoichiometric we have 
shown that the size of the domains along the c-axis is of 
nanoseale only, ranging from 33.2 A to 28.9 A at pres- 
sures from 0.5 to 11.5 kbar. This raises serious doubts 
on the existence of macroscopic phase coherent supercon- 
ductivity. Contrariwise this does not exclude a pereola- 
tive resistive superconductor to normal state transition, 
when the superconducting domains percolate. Indeed, a 
granular superconductor is usually characterized by two 
parameters!^ the first is the domain's size and the sec- 
ond the coupling between them. The coupling is accom- 
plished randomly with a temperature dependent proba- 
bility. Such a mechanism is a percolation process; at the 
temperature where the coupling probability is equal to 
the percolation threshold, an infinite cluster of coupled 
superconducting grains is formed. This suggests that re- 
sistive bulk superconductivity is achieved by a pereola- 
tive process, while the phase coherent superconducting 
properties and the spatial extent of the domains can be 
probed by thermal fluctuations and finite-size effects. 
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